Sheep reticulocyte-specific antiserum absorbed with mature sheep red cells has been used to isolate and identify reticulocyte-specific plasma-membrane proteins and to monitor their loss during incubation in vitro. Specific precipitation of labelled plasma-membrane proteins is obtained when detergent-solubilized extracts of 1251_ labelled reticulocyte plasma membranes are incubated with this antiserum and Staphyloccus aureus, but not when mature-cell plasma membranes are treated similarly. During maturation of reticulocytes in vitro (up to 4 days at 37°C), there is a marked decrease in the immunoprecipitable material. The anti-reticulocyte-specific antibodies have been identified as anti-(transferrin receptor) antibodies. By using these antibodies as a probe, the transferrin receptor has been shown to have a subunit molecular weight of 93 000. The data are consistent with reported molecular weights of this receptor and with the proposal that the receptor may exist as a dimer, since 125lliodotyrosyl-peptide maps of the 93 000-and 186 000-mol.wt. components isolated are shown to be identical. Evidence is presented for the transmembrane nature of the receptor and for the presence of different binding sites for transferrin and these antibodies on the receptor.
It is known that a number of activities associated with immature red blood cells disappear or decrease by the time the cell matures into the erythrocyte (Rubinstein et al., 1956; Walsh et al., 1949; Borsook et al., 1952; London et al., 1950; Gavosto & Rechenman, 1954; Gasko & Danon, 1972) . A number of these functions such as the loss of ability to bind transferrin (Jandl et al., 1959; Jandl & Katz, 1963; Kornfeld, 1969; Hemmaplardh & Morgan, 1974; Ecarot-Charrier et al., 1980) and transport amino acids (Winter & Christensen, 1964 , 1965 Antonioli & Christensen, 1969; Wise, 1976; Benderoff et al., 1978a,b) are associated with functional changes in the plasma membrane itself. In fact, there is known to be a decrease of plasma-membrane area during maturation (Lowenstein, 1959; Ganzoni et al., 1969) . The to a significant extent to maturity. At the reticulocyte stage, few membrane proteins are synthesized (Lodish & Small, 1975; Koch et al., 1975) . Thus the possibility of membrane replacement by new synthesis is reduced and the problem of studying maturation is simplified. Moreover, maturation can be monitored in vitro (Benderoff et al., 1978a,b; Blostein et al., 1981) , thus providing an easily accessible model for study.
It was reasoned that antibodies prepared against reticulocytes and used in conjunction with Staphvlococcus A protein might provide a means of identifying reticulocyte-specific plasma-membrane proteins which disappear on maturation. Previous studies by Schulman & Nelson (1969) have shown that guinea-pig antibodies can be raised against rabbit reticulocytes which do not cross-react with mature cells. In their report, the nature of the reticulocyte-specific surface antigen was not identified. In a preliminary study we have reported that rabbit antiserum against sheep reticulocytes can be used to isolate reticulocyte-specific membrane proteins (Pan & Johnstone, 1980 . In the present work, we report that rabbit antibodies prepared against sheep reticulocytes can be used to monitor changes in protein composition of the reticulocyte plasma membrane during maturation. These studies also identify the transferrin receptor as a major antigenic component on the sheep retioulocyte surface.
Materials and methods

Isolation ofreticulocytes
Reticulocyte production in sheep was induced by phlebotomy as described (Benderoff et al., 1978a,b) . Cells from whole blood were washed three times with iso-osmotic NaCl and the washed cells were suspended to approx. 80% cytocrit and centrifuged at 2000g for lh. The top 25% layer of the cells was removed, transferred to 15 ml centrifuge tubes and re-centrifuged as above. The top 10% layer, which usually contains 80-100% reticulocytes, was carefully collected. At each stage of centrifugation, buffy coats of white cells were removed before using the red-cell layer. A reticulocyte count of about 80% was used in most experiments. Reticulocytes were incubated in vitro as used previously by Benderoff et al. (1978a,b) . Mature red cells were obtained from the bottom 25% layer after the first centrifugation or from normal, unbled sheep.
Immunological procedures and purification of an IgGfraction A 1 ml portion of a washed 1% suspension of sheep reticulocytes or mature red cells was injected subcutaneously into rabbits with complete Freund's adjuvant, followed by five to six weekly intravenous injections with the same number of cells. At 7-8 weeks after the first injection, antiserum was collected and inactivated at 560C for 30min. The antiserum against sheep reticulocytes was exhaustively absorbed with mature sheep red cells and the absorbed antiserum designated 'antiserum I'. To purify anti-reticulocyte surface-membrane antibodies, antiserum I was incubated for 24h at 0°C with well-washed reticulocytes. The cells were pelleted, washed four times with iso-osmotic NaCl, and resuspended to obtain a 10% suspension in iso-osmotic NaCl. An equal volume of 0.2 M-glycine, pH 2.3, in iso-osmotic NaCl was added at 00C. After 5 min, the suspension was neutralized with phosphatebuffered saline (a minimal volume of 0.5 M-phosphate in 0.15 M-NaCI), pH 7.4, and immediately centrifuged at 12OOOg for 10min. The supernatant was passed through a protein A-Sepharose-4B affinity column. The column was washed extensively with phosphate-buffered saline, pH 7.4, to remove unadsorbed materials. IgG bound to the protein A-Sepharose-4B column was eluted with O.lM-glycine-buffered saline 0.15M-NaCI), pH3.0 (Ey et al., 1978 
Transferrin purification
Transferrin was purified from sheep plasma as described by Morgan (1964a,b) and Morgan et al. (1978) , with the modification that 59Fe-labelled proteins of plasma which precipitated between 50-75% saturation of (NH4)2SO4 were isolated and dialysed before gel filtration on Sephadex G-150.
Purification of membrane proteins with transferrin and immunoaffinity columns
The transferrin and the immunoaffinity columns were prepared by coupling 2-5 mg of the respective proteins (purified transferrin or IgG) to 1 g of CNBr-activated Sepharose-4B (Axen et al., 1967) . Reticulocyte or mature-red-cell membranes were prepared by using the procedure described by Dodge et al. (1963) . The membrane proteins (1 mg/ml) were solubilized with a solution containing 1% Triton X-100, lOmM-Tris/HCI, pH 7.4, and 1% Aprotinin (Sigma), with constant stirring at 0°C for 1 h. The solution was diluted with phosphatebuffered saline, pH7.4, to give 0.25% Triton, then centrifuged either at 30 900g for 2 h or at 100OOOg for 1 h. The supernatant solution was applied to the immunoaffinity column and the column was washed with 30 bed-vol. of phosphate-buffered saline, pH 7.4, containing 0.25% Triton, followed by elution with 0.25% Triton X-100 in O.1M-glycine-buffered saline at pH 2.3 (Ey et al., 1978) .
To isolate the transferrin receptor with the transferrin affinity column, the supernatant solution was adjusted to pH 5 as suggested by EcarotCharrier et al. (1980) with 0.1 M-sodium citratebuffered saline containing 0.25% Triton X-100 and applied to the immobilized-transferrin-Sepharose-4B column. The column was washed with 30 bed-vol. of the same Triton/citrate/buffered saline and eluted with 0.1 M-glycine buffered saline, pH 2.3, containing 0.25% Triton X-100. The eluates from the immunoaffinity column or the transferrin column were neutralized and dialysed at 40C against water for at least 24 h with two or three changes of water. The samples then were freeze-dried and used for electrophoresis.
Electrophoresis
The Laemmli (1970) method was used for electrophoresis. The freeze-dried proteins were dissolved in 2% SDS/10% (v/v) glycerol/10% (v/v) mercaptoethanol/20mM-Tris/HCI, pH 7.4, and heated for 5 min at 1000 C before electrophoresis.
Membrane surface iodination
The iodination of the outside surface of the intact cell and the cytoplasmic surface of the ghost were carried out as described by Reichstein & Blostein (1973 . Isolated plasma membranes were iodinated in a similar way and dissolved in 1% Triton X-100/1% aprotinin/154 mM-NaCl/20mM-Tris, pH 7.4 at 0°C, and centrifuged at 30900g for 2h or at lOOOOOg for lh. The pellet obtained was discarded and the supernatant was subjected to immunoprecipitation (see below). To monitor the changes in the plasma membranes during maturation of the cell in vitro, portions containing equal numbers of cells were taken at the intervals given in the Figures. Membranes were prepared from the cells on the day the sample was taken and kept frozen until all samples in the series had been taken. Then the membranes from all the samples were iodinated as described above. Determinations of the total 1251 incorporated showed that all samples prepared on a particular day contained the same amount of radioactivity within -5%. (Kessler, 1975) . To measure total 125I-labelled protein precipitated, the washed pellet was counted for radioactivity. The antigen-antibody complex was dissociated from the bacterial cell surface by heating the washed pellet at 1000C for 3 min in 2% SDS/10% mercaptoethanol/ 154 mM-NaCl/20mM-Tris HCI, pH 7.4. After centrifugation to remove the staphylococci the supernatant was electrophoresed on SDS/6% (w/v)-polyacrylamide gels using the Laemmli (1970) procedure, sliced into 2 mm sections and counted for radioactivity in a Packard y-counter.
In the above procedure, 6,ul of preabsorbed antiserum I was usually sufficient to precipitate the maximum amount of 125 I-labelled proteins from 33,ug of membrane protein contained in lOO,l solubilizing medium, and 200,u1 of a 10% suspension of Staphyloccus aureus was found sufficient to precipitate out the maximum amount of 125 I-labelled proteins contained in the lOO,l of membrane extract. By using (1) mature cell membranes with reticulocyte-specific antiserum or (2) reticulocyte membranes with non-immune serum or (3) reticuloVol. 210 cyte membranes with reticulocyte preabsorbed immune serum, identical levels of 'l25-labelled proteins were found associated with the Staphylococcus aureus pellets. This non-specific radioactivity was -25% of that found with reticulocyte membranes and reticulocyte-specific antiserum and was not observed after SDS/polyacrylamide-gel electrophoresis.
Immunoprecipitation oftransferrin
To 0.2 ml of antiserum I or anti-(mature red blood cell) antiserum was added 0.01ml of [59Feltrans-ferrin (0.5 mg/ml) and the mixture incubated at 4 IC for 24 h. Then 0.2 ml of goat antiserum against rabbit IgG was added and incubation continued for another 48h at 40C. The aggregates formed were centrifuged down at 30900g for 10min, washed, and counted for radioactivity.
Immunofluorescence and double staining of reticulocytes Fluorescent antibodies were prepared as described by (The & Feltkamp, 1970 and Staphylococcus aureus as described in the Materials and methods section. After SDS/polyacrylamide-gel electrophoresis (Fig. 2) , the data show two clear iodinated components in the 85-95 kDa region. An additional broad peak is frequently detected in the 200 kDa region, but its level of radioactivity is generally much lower than the activity in the 95 kDa region. No labelled components were obtained from mature-red-cell membranes after incubation with anti-reticulocyte serum, nor from reticulocyte membranes treated with either nonimmune serum or immune serum preabsorbed with reticulocytes.
To ascertain that the 'l25-labelled peptides detected originate from the reticulocyte plasma membrane and not from cytosolic components which adhere to the membrane during isolation, the labelling with l25l and lactoperoxidase was conducted with intact reticulocytes and mature cells followed by isolation of membranes and immunoprecipitation. This procedure results in labelling of surface components only (Reichstein & Blostein, 1973 . Before immunoprecipitation, the total radioactivity in the 125 I-labelled sample used was similar (±5%) with both reticulocyte and mature cells, whereas four times more radioactivity was found in the immunoprecipitate from labelled reticulocytes than from the controls (mature cells pretreated with antiserum).
(b) Fig. 1 followed in vitro as described before (Benderoff et al., 1978a,b) .
The results (Fig. 3) (Evans & King, 1955) .
Identiflcation of the surface antigen which is lost on maturation With a purified IgG fraction coupled to fluorescein, it was established that the IgG fraction reacted only with reticulocytes as seen in Fig. 1 with the immune serum I and FITC-protein A. In addition, with time in culture there was decreased binding of the '25I-labelled purified IgG fraction to the reticulocyte, by 72h only 20% of the initial binding being obtained.
With an immunoaffinity column prepared from the purified IgG fraction, the data in Fig. 4 show that three-molecular-weight species from a Triton X-100 extract of reticulocyte plasma membranes, but not mature-cell membranes, are retained by the immobilized IgG column. That the immunoaffinity column reacts specifically is shown by the fact that no detectable proteins from the reticulocyte membranes were retained by the anti-(bovine albumin) affinity column. solubilized membrane proteins were passed through the transferrin-Sepharose 4B affinity column and through the immunoaffinity column. The peptides isolated after passage through the transferrin affinity column are shown in Fig. 6 (a) and those from the immunoaffinity column in Fig. 6(b) . It may be seen Blue-stained gels and were iodinated with Na'251I. The iodinated peptides were treated with trypsin, the digests eluted from the gels, and electrophoresed and chromatographed on thin-layer cellulose plates using Polygram CEL 300 (Macherey, Nagel and Co., Diiren, Germany). Autoradiography on Kodak XR film was used to reveal the radiolabelled areas.
proteins through one column should remove all protein species capable of binding to the other column. The data in Figs. 6(c) and 6(d) verify this prediction. No detectable membrane proteins are retained by the transferrin column after prepassage through the immunoaffinity column and vice versa. These observations confirm that the proteins retained are transferrin and the transferrin receptor.
Identification of the purified IgG as anti-(transferrin receptor) antibody
Since transferrin has a high affinity of its receptor , co-isolation of transferrin and transferrin receptor by the purified IgG immunoVol. 210 affinity column could result from anti-transferrin or anti-(transferrin receptor) antibody or both. Two types of studies show the antibody to be directed against the receptor.
(a) Studies with "9Fe]transferrin. Incubation of [59Feltransferrin with either antiserum I or rabbit anti-(mature-cell) serum followed by addition of goat anti-(rabbit IgG) serum precipitated equal but only small amounts (5%) of l 59Feltransferrin.
(b) Studies with immunoaffinity columns. As shown in Figs. 7(b) and 7(e), transferrin is not retained by the immunoaffinity column and the IgG fraction is not retained by the transferrin column. These data show that the IgG fraction obtained is not directed against transferrin itself. Transmembrane orientation of the putative transferrin receptor To determine whether the putative receptor spans the membrane or is accessible only at the external surface, techniques were applied that have been used to determine the disposition of other red-cell membrane proteins (Reichstein & Blostein 1973 .
Labelled peptides corresponding to molecular masses of 186, 93 and 78kDa were obtained from the membranes derived from externally iodinated cells (Fig. 8a) . Peptides of 93kDa plus a weakly labelled species of 186 kDa were obtained with membranes from ghosts labelled at the cytosolic surface (Fig. 8b) Sullivan & Weintraub, 1978; Leibman & Aisen, tion. 1977; Hsiang-Yen & Aisen, 1978; Trowbridge & Omary, 1981; Sutherland et al., 1981; Wada et al., 1979; ) with a molecular mass in the range reported here. If the 186 kDa peptide is indeed lling at the a dimer of the 93kDa component, the data would that residual suggest that even heating at 100°C with reducing ith the labelagents may be insufficient to disaggregate the natively, the receptor completely (see also Trowbridge & Omary, ver tyrosine 1981) . the cytosolic
The third component isolated appears to be kDa peptide transferrin itself (78kDa). That transferrin is coled by iodiisolated with its receptor is not surprising, since observation transferrin is tightly bound to the receptor (Morgan, f the 93 kDa 1974) . Control experiments show that the antibody Iling of the produced is not directed against transferrin. ision that the A comment should be made about the apparent differences in the molecular-mass estimates of the peptides shown in Fig. 2 with those in subsequent Figures. In Figs. 4-7 , the molecular masses were estimated from polyacrylamide slab gels with appron antiserum priate standards. The molecular masses in Fig. 2  ntify plasma were estimated from slice number of polyacryl-amide cylindrical gels, each slice representing 2 mm of distance, and compared with standards treated similarly. Furthermore, the gels in Fig. 2 contained more extraneous proteins, i.e. those eluted from staphylococci, in addition to reticulocyte proteins which may have interfered with the resolution of the molecular-mass estimates in Fig. 2 . That transferrin and receptor are co-isolated with the immunoaffinity column as well as the transferrin column suggests that: (1) the sites for antibody binding and transferrin binding are different and (2) that the receptor has more than one site for transferrin binding. Similar conclusions have been reached by others. Sutherland et al. (1981) have presented experimental evidence that in human leukaemic cells the binding sites for antibody and transferrin are different. Enns & Sussman (1981) have concluded that there are two binding sites for transferrin on the receptor in human placenta. These observations are in accord with our conclusions on the sheep reticulocyte system.
In conclusion, it is noteworthy that the transferrin receptor has recently been recognized by identifying it as the antigen to a monoclonal antibody made against a conspicuous cell-surface glycoprotein (Trowbridge & Omary, 1981; Sutherland et al., 1981) . In the present study the transferrin receptor was identified as the antigenic component when rabbit antibodies are produced against sheep reticulocytes. This holds true for antibodies produced in a relatively large number of animals. To our knowledge this is the first report that a major surface antigenic marker characteristic of the sheep reticulocyte is the receptor for transferrin. These data are consistent with the conclusion that the receptor is highly antigenic in heterologous species. In the absence of evidence to the contrary, it is tempting to speculate that if there is polymorphism of the receptor in a given species, the transferrin receptor may be a member of a class of histocompatability antigens expressed on cell surfaces.
